The basic objective of this work is the development of an approximate, yet coherent and consistent equation-of-state model of fluids, which will benefit from recent developments in the successful COnductor-like Screening MOdel (COSMO)-type group-contribution models with their quantum-mechanical description of fluids. The development is done within our recent non-random hydrogen-bonding (NRHB) equation-of-state framework. In contrast to NRHB, the new model will not need any new parameters for the strong specific interactions, such as hydrogen bonds, since they will be provided by its COSMO component and the associated quantum-chemistry calculations. The bridge between COSMO and NRHB is the non-randomness factors as calculated by the quasi-chemical treatment of the non-random distribution of molecular entities in the system. Analytical expressions are provided for all basic thermodynamic quantities, including expressions for the cavitation and charging components of the solvation Gibbs energy. The new equation-of-state model is tested against experimental data for vapor pressures, heats of vaporization, and liquid densities of pure fluids and on phase equilibria of mixtures. The strength and perspectives of the new model are critically discussed.
INTRODUCTION
Solution thermodynamics has benefited very much in the last few years from osmosis with quantum chemistry and its dielectric continuum solvation models [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, the extension of COnductor-like Screening MOdel, or COSMO, with a thermodynamic treatment of the molecular interactions led to the recent development of the COSMO-RS or COSMOtherm group-contribution model by Klamt and co-workers [4] [5] [6] [7] and, subsequently, of the COSMO-SAC model by Sandler and co-workers [8] . These developments were, doubtlessly, a significant step forward in solution thermodynamics. We will refer to these models by the general term COSMO models. Their key characteristic is a refined mixture of a remarkable distillate of hard-core quantum mechanics and ab initio calculations with a group-contribution thermodynamic framework, identical to the relatively old but still widely used quasichemical framework [10] . It is this mixture of quantum-chemical ab initio solvation calculations and group-contribution thermodynamic treatments that led to the COSMO for realistic solvation (COSMO-RS) model or to the COSMOtherm model, a truly predictive tool for phase equilibria and related thermodynamic calcu lations [4] [5] [6] [7] [8] [9] .
The NRHB model
Let us consider a multicomponent system of N 1 molecules of type 1, N 2 molecules of type 2,…, N t molecules of type t, and N 0 empty sites or noncollapsible voids, at temperature, T, and external pressure, p. Each molecule of type i is considered to consist of r i equal segments of size ν i * (set equal to 9.75 cm 3 ؒmol -1 ) [20] [21] [22] , and is characterized by two scaling constants, the hard-core density (or, equivalently, the hard-core specific volume), ρ i * = 1/ν sp,i * , and the average per segment interaction energy, ε i * . If M i is the molar mass of component i, the above constants are related through the equation
The scaling temperature and pressure are related through the equations
with k being the Boltzmann's constant. Having defined the scaling temperature, pressure, and density, the corresponding reduced quantities are defined as follows:
The molecular segments and holes are assumed to be arranged on a quasi-lattice of coordina tion number, z, set here equal to 10. It is further assumed that an encounter of two segments of empty sites or of one molecular segment and one empty site lead to a zero energy change. A key assumption in NRHB is the division of intermolecular interactions into physical and chemical or hydrogen-bonding interactions. We will come back to this assumption after we make some further definitions.
In the case of a mixture, one has to apply the appropriate mixing and combining rules. Quantities pertinent to mixture will be indicated without subscript i. The composition of the mixture may be represented either by the mole fraction (4) or the segment (or volume) fraction (5) or the (contact) surface area fraction (6) zq i is the total number of external contacts per molecule i. We may have a measure of the compactness or sphericity of the molecule through Stavermann's l parameter [30] , defined by the equation
The higher the value of l the more compact is the molecule. When the molecule is linear, l i = 0. The NRHB model [21, 22] may provide the expressions for the chemical potential in the mixture, or (8) where ω i is a characteristic quantity for each fluid that takes into account the flexibility and the symmetry of the molecule, Γ ii and Γ 00 are the non-randomness factors [17, 20, 21] for the distribution of molecular segment i around a central segment i and for the distribution of an empty site around a central empty site, respectively. The hydrogen-bonding contribution to the chemical potential is given by (9) where ν H is the total number of hydrogen bonds per segment, d α i is the number of donors of type α in molecule i, a β i is the number of acceptors of type β in molecule i, ν d α the number of donors of type α per segment, ν a β the number of acceptors of type β per segment and
ν ij being the number of hydrogen bonds between donor i and acceptor j per segment. The NRHB equation of state is given by (12) It is worth pointing out that the above equations, along with the equation for the chemical potential of the ideal gas (13) may be used to obtain the full expression for the Gibbs energy of solvation of component i through the equation [31, 32] :
as well as its cavitation and charging components.
The group-or segment-contribution formalism of COSMO models
Let us now focus on the alternative group-contribution or surface segment-contribution formalism, which will facilitate the extension of NRHB with the COSMO approach. 
Let us consider that our system contains k types of molecular surface segments, namely, n i segments with charge density σ i , i = 1,k, which are distributed in the t types of molecules N 1 , …, N t . For consistency of nomenclature, we will set the number n 0 of segments of voids of no screening charge equal to the number N 0 of voids in the system. The dielectric continuum and continuum solvation picture of COSMOtherm is assumed to hold here. Any contact of two interacting segments m and n with charge densities σ m and σ n , respectively, is characterized by a pair interaction energy ε pair (σ m , σ n ).
The chemical potential of surface segments or, equivalently, the surface segment activity coefficients of a segment with charge density σ m and probability p(σ m ), is given by [1] [2] [3] [4] [5] [6] [7] [8] ( 15) In order to establish the link between this COSMO terminology and the more widely used terminology of surface area fractions, we may express the probability p(σ m ) as follows: (16) Θ m in eq. 16 is the surface area fraction of segments m in the compact system without empty sites. zQ m is the number of external contacts of each segment m. The overall surface area fraction, θ, of molecular segments in the real system, containing n 0 empty sites, is given by (17) If n ij is the number of contacts between segments of type i and j, the total potential energy of our system is given by (18) The link between the segment-activity coefficients Γ m and the non-randomness factors Γ mn for the distribution of a segment m around a central segment n is established by the equation (19) With these definitions, the number n mn of contacts between segments m and n is given by the equation (20) and between segments m and m, by the equation
In a similar manner, the number of contacts 0 -0 between empty sites in our system is given by (22) where θ 0 + θ = 1. 
Mass balance or conservation equations for the inter-segmental contacts take, then, the form (23) which gives the working equation for calculating segment-activity coefficients (24) This is the alternative way of writing eq. 15 in terms of surface area fractions. In the case of a compact system without empty sites (as in the case of the plain COSMO models), eq. 24 becomes (25) As discussed previously [9, 15] , eqs. 15, 24, and 25 reflect the quasi-chemical character of the COSMO models. In the quasi-chemical framework, then, we may write the full form of the configurational partition function in its maximum term approximation as follows [9, 10, 15, 16, 21, 22] : (26) Ω R is the number of distinguishable configurations in the case of random distribution of segments in the system and E the potential energy of our system. Ω R is assumed to be given by Staverman's combinatorial term [30] as in COSMOtherm and in NRHB. Superscript 0 refers to the perfectly random case. The corresponding quantities in the case of non-randomness are given by (27) Before proceeding further, it is worth writing down some key equations expressing the equivalence between quantities in NRHB and in COSMO models. Each molecule i consists of a multitude of interacting segments. Let ν mi be the number of segments of type m in each molecule of type i. Since each such segment has zQ m external contacts, the conservation equation gives (28) and for each type m of segments in the mixture we have The equivalent of eq. 31 in COSMO terminology is obtained by recalling that (32) and
where A i is the total surface area per molecule i, A i (σ m ) is the surface area of segments m in molecule i, p i (σ m ) is the probability to find a segment of charge σ m in molecule i, and α eff is the standard surface area per segment in the COSMO approach. The correspondence between the two terminologies is established through the equations (34) In group-contribution terminology, the equation for the chemical potential of component i becomes (35) The last term in eq. 35 may be written in COSMO terminology as (36) In this combined terminology, the Gibbs energy of cavitation of pure component i is given by (37) while the charging component of the Gibbs energy of self-solvation is given by (38) The hydrogen-bonding factor: From NRHB to NRCosmo An alternative way of expressing the partition function in NRHB is as follows:
The first factor encompasses all contributions from all types of intermolecular forces except for the hydrogen-bonding ones. The second factor is a correction factor and accounts for the contributions of the hydrogen-bonding interactions. As already mentioned, this second factor was formulated in NRHB on the basis of the Veytsman statistics [23, 24] . The key advantage of this formulation was the capacity to handle complex 3-dimensional hydrogen-bonding networks in a simple and straight forward manner at any external conditions of the fluid system. In the COSMO approach, the hydrogen-bonding interactions are also separated from all other interactions. The key advantage in this case is the availability of hydrogen-bonding interactions for practically any system of interest (if the relevant cosmo files are not available in the existing databases, they can be obtained in a rather straightforward manner from widely available packages for quantummechanics calculations).
If we wish to extract information for the hydrogen-bonding interactions from the COSMO approach, we may write eq. 39 in the following manner:
There are various ways of formulating Ξ HB-COSMO . In this work, we will present one simple way, just as an example. The starting point is eq. 26, which can be rewritten as
The contact numbers, n mn = n 0 mn Γ mn = n 0 mn Γ m Γ n τ mn , in this equation obey the quasi-chemical conditions [9, 10, 15, 16] (42) where the interchange energy Δε mn is given by
In analogy to NRHB, a simple way of coupling the two approaches is to write eq. 40 as
where g(ρ) is an appropriate function of the density satisfying two boundary conditions:
1)
At zero densities (gaseous state):
In the absence of empty sites (compact state)
The second condition is a direct consequence of the fact that in the original COSMO formulation [1] [2] [3] [4] [5] [6] [7] [8] , there were no empty sites and there was no density-dependent factor multiplying the partition function Ξ, or, g(ρ) = 1. A simple function satisfying both boundary conditions is
which will be adopted in this work. By applying the quasi-chemical conditions, eqs. 42 in the last term of eq. 44, and by making, in addition, use of eqs. 19 and 41, eq. 44 becomes The term in parenthesis is the ratio of the fugacity coefficients of component 1 in the pure solid and the pure liquid state, and it can be approximated by (56) where ΔH 1 m is the enthalpy of fusion of 1 and T 1 m its melting point.
APPLICATIONS
All calculations will be done by using either the Cosmotherm-C12 and Cosmo base package of Cosmologic GmbH [25] or the Virginia Tech database of sigma profiles [26] , while TURBOMOLE [28] will be used for obtaining cosmo files. There are many possible combinations of NRHB and COSMO approaches, but here we will confine ourselves to one approach, named hereafter as NRCosmo, where the calculations will be done with eqs. 47 and 49. Before proceeding further, however, it is essential to comment at this point on the nature of the intermolecular interactions that we will consider in this work. As already mentioned, in systems of non-electrolytes, the interactions considered in NRHB are of two types: the strong specific (hydrogen-bonding) interactions and all other interactions collectively called "physical" interactions. In the COSMO approach and apart from the hydrogen-bonding interactions, the remaining interactions can be broken down into four types [1] [2] [3] [4] [5] [6] [7] [8] . The "misfit" interactions are the first type. The misfit and the hydrogen-bonding interactions can be accounted for when the COSMO sigma profiles of the fluids are available. The other three types of interactions are discussed in the frame of the solvation picture, but in the COSMO approach they are not considered to contribute to the non-random distribution of the interacting segments. Of these, the second type is the van der Waals or dispersion interactions. In the COSMO approach, these interactions are nonspecific and are considered proportional to the exposed surface of the atoms in the system. The third type of interaction is associated with the ideal solvation energy or the energy difference of solute between the ideal gas state and the ideal conductor state. The fourth type of interactions is the charging correction and accounts for the energy shift due to a charge averaging process. The last three types of interactions will be collectively called cosmo-dispersion or cd interactions. Thus, the "physical" interactions of the NRHB model correspond to the sum of the misfit and the cd interactions of the COSMO approach.
In the approach adopted in this work, we consider that the physical intera ctions contribute to the actual free-volume distribution and account for it through the plain NRHB procedure [21, 22] . The physical interactions for each component in the system are assumed to vary linearly with the temperature, or
The hydrogen-bonding interactions are considered to contribute to the non-random distribution of interacting molecular segments and account for it through the COSMO approach. This is entirely analogous to the corresponding structure of NRHB, where the hydrogen-bonding interactions are treated separately from all other interactions.
In this approach, each pure fluid is characterized by the two NRHB scaling constants, the specific hard-core volume, v* sp , and the average per-segment interaction energy, ε*. Table 1 presents the scaling constants for some representative common fluids. A weak variation with temperature is allowed for both constants, as shown in Table 1 . No other parameters are needed as long as the COSMO sigma profiles [1] [2] [3] [4] [5] [6] [7] [8] of the fluid are available. The NRHB constants were obtained as before [21, 22] from vapor pressure, heat of vaporization, and density data of the DIPPR compilation [34] , Perry's handbook [35] , and Zoller's compilation [36] . The scaling constants of the NRCosmo model vary in a regular manner within homologous series. Thus, Fig. 1 shows the variation of hard-core volume of normal alkanes vs. the number of carbon atoms of the hydrocarbon chain and vs. the corresponding COSMO volume [1] [2] [3] [4] [5] [6] [7] [8] . In both cases, a straight line is obtained. Figure 2 shows that, in the case of normal alkanes, there is a linear relation between the interaction energy ε* h and the corresponding hard-core density. In addition, the mean molar intermolecular energy, rε h *, varies linearly with the corresponding COSMO surface area, as shown in Fig. 3 . Almost linear is also the variation of the mean intermolecular energy, rε s *, with the corresponding COSMO surface area as shown in Fig. 4 .
A similar picture is observed for the homologous series of 1-alkanols. Figure 5 shows the variation of hard-core volume of normal 1-alkanols vs. the number of carbon atoms of the hydrocarbon chain and vs. the corresponding COSMO volume. Again, a straight line is obtained in both cases. Figure 6 shows the linear relation between the mean molar intermolecular energy, rε h *, of 1-alkanols and the corresponding COSMO surface area.
Regarding the correlation of orthobaric densities, heats of vaporization, and vapor pressures of pure fluids, the performance of the NRCosmo model is practically identical to that of the plain NRHB model. The significant advantage of NRCosmo over NRHB is the availability of hydrogen-bonding parameters for any fluids as long as the corresponding cosmo files or the sigma profiles are available. In contrast, in NRHB one must estimate the hydrogen-bonding parameters, and this is not always easy. Thus, for simplicity, NRHB uses one single set of hydrogen-bonding constants for all 1-alkanols. With C. PANAYIOTOU NRCosmo this simplification is not necessary. Figure 7 shows the free-energy change upon formation of the OHؒؒؒOH hydrogen bond in 1-alkanols, which varies from ca. -20 000 up to ca. -15 000 Jؒmol -1 . The single value adopted by NRHB (-17 200 Jؒmol -1 ) is in-between the values calculated by NRCosmo.
The above-mentioned equivalence between NRHB and NRCosmo in the calculation of the thermo dynamic properties of fluids extends to other thermophysical properties, such as the surface tension. Figure 8 compares the calculations of NRHB and NRCosmo for the surface tension of 1-propanol. As shown, the two calculations are practically identical. NRCosmo may be used for calculations in mixtures with the same ease as with the plain NRHB model. Once again, NRCosmo does not need any knowledge of cross-association hydrogen-bonding interactions that may operate when mixing different fluids. Figure 9 compares the predictions of the NRCosmo with experimental vapor-liquid equilibrium data for the CO 2 -ethanol mixture at two temperatures. Of particular interest are the applications to polymer systems. In this case, one has to create the mcos files for the polymer [7] starting from the cosmo files of fragments or smaller molecular entities of the repeating units. Figure 10 compares the predictions of the NRCosmo model with the experimental vapor-liquid equilibrium data for the system methanol-poly(vinyl acetate). An analogous comparison is made in Fig. 11 for the system ethanol-poly(vinyl acetate). The same figure shows the corresponding calculations with the plain NRHB model. The picture that emerges from these last figures for the performance of NRCosmo is rather satisfactory and, essentially, equivalent to that of the NRHB model. One may appreciate the advantages of NRCosmo by applying it to systems with many types of hydrogen bonds. Typical examples are the systems with paracetamol, whose molecule is shown in Scheme 1. In a mixture of paracetamol with ethanol, one has to account for nine different types of hydrogen bonds (considering the hydroxyl groups of paracetamol and ethanol different) or five different types (considering the two hydroxyls identical). In either case, the task of determining the corresponding hydrogen-bonding parameters is rather tedious for NRHB, while for NRCosmo these inter - actions are already available when the cosmo files and sigma profiles for both molecules are available. Figure 12 compares the predictions of NRCosmo with the calculations of plain NRHB and with the experimental solid-liquid equilibrium data or solubility of paracetamol in ethanol. A similar comparison is made in Fig. 13 for the solubility of paracetamol in methanol. In view of the complexity of these systems, the predictions of the NRCosmo model are quite satisfactory. of fluids, including the new paths for the production of high-technology materials such as drug nanocarriers, transpa rent aerogels, or the macroporous scaffolds for tissue engineering.
